Slab-like copper films with a thickness of 9 nm (∼70 atoms) and sheet resistance of ≤9 sq −1 are shown to exhibit remarkable long-term stability toward air-oxidation when passivated with an 0. 8 nm aluminium layer deposited by simple thermal evaporation. The sheet resistance of 9 nm Cu films passivated in this way, and lithographically patterned with a dense array of ∼6 million apertures per cm 2 , increases by <3.5% after 7,000 h exposure to ambient air. Using a combination of annular-dark field scanning transmission electron microscopy, nanoscale spatially resolved elemental analysis and atomic force microscopy, we show that this surprising effectiveness of this layer results from spontaneous segregation of the aluminium to grain boundaries in the copper film where it forms a ternary oxide plug at those sites in the metal film most vulnerable to oxidation. Crucially, the heterogeneous distribution of this passivating oxide layer combined with its very low thickness ensures that the underlying metal is not electrically isolated, and so this simple passivation step renders Cu films stable enough to compete with Ag as the base metal for transparent electrode applications in emerging optoelectronic devices.
INTRODUCTION
It is now widely recognized that alternatives to conventional conducting oxide window electrode materials, such as tin doped indium oxide and fluorine doped tin oxide, are required to enable optoelectronic devices compatible with flexible substrates and low cost roll-to-roll manufacturing (Ghosh, 2013; Yun, 2017) . Unpatterned optically thin metal film electrodes are now emerging as a viable challenger because they are compatible with flexible substrates and roll-to-roll processing, whilst also offering the important advantages over metal nanowire electrodes of much lower surface roughness and superior stability toward electromigration (Stec and Hatton, 2012; Griffith et al., 2016; Sannicolo et al., 2016; Lu H. et al., 2018) . On plastic substrates lithographic patterning of thin metal film electrodes and/or the use of wide band gap antireflecting interlayers enables performance competitive with high performance conducting oxide electrodes (Kim et al., 2001; Sahu and Huang, 2006; Sivaramakrishnan and Alford, 2009; Gao et al., 2014; Kang et al., 2015; Zilberberg and Riedl, 2016; Yun, 2017) . Vacuum evaporation is also well-established as a low cost production method for thin metal films over large areas, most notably for the packaging industry, and so is particularly attractive as a low cost path to large scale deposition of optically thin metal films (Mulligan et al., 2013; Griffith et al., 2016) .
Due to the high electrical conductivity and low optical loses, Ag is currently the metal of choice for metal window electrode applications (Griffith et al., 2016) , although it is recognized that its high cost may necessitate recycling if it is to be used in low cost applications such as organic photovoltaics (OPVs) (Krebs et al., 2014) . Ag films are also sensitive to oxidation in ambient air, a process which is detrimental to their performance as electrodes in devices (Watanabe et al., 2007; Kim et al., 2009; Behrendt et al., 2015) . Zhang et al. (2014) have shown that alloying Ag with ∼10% aluminium by co-sputtering is a very effective approach for stabilizing optically thin Ag films without compromising the optical properties, although the sheet resistance of Al doped Ag electrodes is not as low as can be achieved with pure Ag. In general, literature reports pertaining to the long-term stability of optically thin Ag films toward oxidation in air are sparse (Ellmer, 2012; Behrendt et al., 2015; Yun, 2017; Lu H. et al., 2018) , which is surprising given the potential technological importance. The substrate electrode is very often manipulated in air prior to integration into a device, and it is wellunderstood that the gradual ingress of air into flexible electronic devices is inevitable due to the limited barrier properties of transparent encapsulants compatible with flexible substrates (Dennler et al., 2006; Lu M. et al., 2018) , so the long-term stability toward air-oxidation is an important consideration for many applications.
Copper (Cu) is an attractive alternative to Ag for use as a window electrode for cost sensitive applications such as OPVs because it has a conductivity comparable to Ag at ∼1% of the cost (Matula, 1979) 1 . The higher optical losses in Cu for wavelengths below 500 nm can be mitigated by electrode and/or device design, including using a metal oxide overlayer to increase transparency Zhao et al., 2016; Pereira et al., 2018) . However, the application of Cu window electrodes has so far been limited, due to the higher susceptibility of Cu toward oxidation in air which results in the formation of a mixture of the shortlived hydroxide (Cu(OH) 2 ), Cu 2 O, and CuO (Gattinoni and Michaelides, 2015) . Notably, some crystal faces of Cu are far more resistant to oxidation than others, although the order of reactivity and mechanism is debated (Young et al., 1956; Li et al., 1991; Wiame et al., 2007; Platzman et al., 2008) . In contrast to the native oxide layer at the surface of aluminium (Al) the process of Cu oxidation in air is not self-limiting (Li et al., 1991; O'Reilly et al., 1995; Gao et al., 2001; Platzman et al., 2008; Biesinger et al., 2010) , although Cu 2 O and CuO do not necessarily electrically isolate the metal since both are p-type semiconductors with accessible valance bands for hole conduction (Mugwang'a et al., 2013) . In the context of very thin Cu films suitable for window electrode applications, surface oxidation does however have the detrimental effect of increasing the electrode sheet resistance due to the significant reduction in metal thickness, and so it is important to limit surface oxidation as far as possible (Hsu et al., 2012; Chen et al., 2014; Lee et al., 2015; Stewart et al., 2015) .
One approach for the passivation of Cu films that has proved remarkably effective is the use of a sub-1 nm Al layer deposited by simple vacuum evaporation (Gan et al., 2002; Hutter et al., 2013; Tyler et al., 2015) . Hutter et al. (2013) have shown there is no increase in the sheet resistance of a 7 nm thick Cu film after 120 h in ambient air when capped with 0.8 nm Al. In that work it was postulated that a compact ternary oxide layer of aluminium-copper-oxide caps the entire surface of the Cu film, since both Cu and Al oxide fragments were observed using secondary ion mass spectroscopy. It is however remarkable that such a thin oxide layer is so effective given that the native oxide on both Al and Cu exceeds 2 nm in thickness (Chawla et al., 1992; Platzman et al., 2008; Evertsson et al., 2015) , and the Al layer is deposited by simple vacuum evaporation rather than the more involved techniques of atomic layer deposition (Hsu et al., 2012; Khan et al., 2018) , or electrochemical deposition . The extraordinary effectiveness of this easily implemented approach to Cu passivation indicates there is either something very special about the passivating effect of aluminium-copper-oxide, or that the proposed explanation for its effectiveness is lacking. Importantly, for optoelectronic device applications the very low thickness of this passivation layer ensures it is sufficiently thin not to impede the transport of charge across the interface by quantum mechanical tunneling (Shewchun et al., 1977; Hutter et al., 2013) . Given the current surge of interest in transparent metal film electrodes for emerging optoelectronic device applications, this report provides a timely insight into the science that underpins the effectiveness of this approach to Cu passivation, together with a quantification of the long-term stability and direct comparison of the stability with pure Ag electrodes of the same thickness fabricated using the best reported practice to date.
MATERIALS AND METHODS
(Customized SPECTROS system integrated with N 2 glovebox, Kurt. J. Lesker).
Electrode Preparation
Glass microscope slides (7525 M, J. Melvin Freed Brand) or polyethylene terephthalate (PET) substrates were ultra-sonically agitated for 15 min each in diluted surfactant (Hellmanex III, Hellma Analytics), deionised water and propan-2-ol (AnalaR, VWR). These substrates were then UV/O 3 treated for 15 min immediately prior to use. Where stated, these slides were transferred to a desiccator and held at ∼50 mBar for 4 h with an open vial of mixed APTMS/MPTMS. All substrates were then transferred to the evaporator for Al, Cu, or Ag deposition using a base pressure of <5 × 10 −8 mbar unless stated. Al was evaporated at a rate of 0.1 Å s −1 , while Cu and Ag were evaporated at 1 Å s −1 . Thicknesses were calibrated using an Asylum Research MFP-3D AFM and monitored using quartzcrystal microbalances. Masks were exchanged where required by a series of transfer arms without breaking the vacuum. During metal deposition, the chamber pressure rose to ∼5 × 10 −7 mbar. 
Sheet Resistance Evolution
25 × 25 mm substrates were used to evaporate an electrode onto which silver contacts were painted to connect a Keithley 2,400 source meter. Resistances were calculated using the Van der Pauw method and an applied voltage of 5 mV. Electrodes were stored in ambient laboratory air and re-measured periodically. The temperature fluctuated between 18 -30 • C and the humidity between 15 -50%.
AFM Images
An Asylum Research MFP3D instrument was used in tapping mode to map the surface of the electrodes and calculate the surface roughness (RMS) value. For roughness measurements, a 10 × 10 µm area was mapped and an area free of interference selected for a detailed scan (1 × 1 µm).
STEM and EDXS Analyses
Transmission electron microscopy (TEM) specimens were prepared using conventional mechanical polishing followed by cryo-ion milling to electron transparency using Ar + at 6 keV. A final low-energy milling step was performed at <2 keV to minimize surface damage. For local microstructure analyses, the samples were analyzed using JEOL ARM200F TEM/scanning TEM (STEM) with a Schottky gun operating at 200 kV with probe and image aberration CEOS correctors. ADFSTEM images were obtained using a JEOL annular field detector with a probe current of ∼19 pA, a convergence semi-angle of ∼25 mrad, and an inner angle of 50 mrad. An Oxford Instruments X-MaxN 100TLE windowless silicon drift detector (SSD) was used to perform STEM-EDX analysis.
Electrode Patterning Using Photolithography
Electrodes were prepared as above, but on polished glass substrates (Borofloat BF33 glass wafers, Pi-Kem) and were patterned in air. Cu electrodes as prepared were primed with Microposit Primer and then Microposit S1818 photoresist was spin-cast at 4,000 rpm, before baking in air at 115 • C for 2 min. Samples were masked using Rubylith and exposed to 150 mJ cm −2 UV light (Suss Microtec MA/BA8 mask aligner). These were developed in Microposit MF-319 developer for 1 min to remove the edge beads (2 mm strip removed). The holes were patterned using a 2 µm diameter patterned mask, with separation 2 µm (130 mJ cm −2 ) and again developed for 2 min. The Cu was etched using a 3.65 mM ammonium persulfate solution. All samples were exposed for 20 s for clean holes, although after 10 s the edge strip was completely removed. The mask was then removed using acetone. All samples were processed together and checked using SEM that hole size was comparable between sets (Given in Figure S8 ).
X-Ray Photoelectron Spectroscopy
Surface compositional and chemical state analysis was carried out using x-ray photoelectron spectroscopy (XPS) measurements conducted on a Kratos Axis Ultra DLD spectrometer at the University of Warwick Photoemission Facility. The samples were mounted on to a standard sample bar using electrically conductive carbon tape and loaded into the instrument. XPS measurements were performed in the main analysis chamber, with the sample being illuminated using a monochromated Al Kα x-ray source. The measurements were conducted at room temperature and at a take-off angle of 90 • with respect to the surface parallel. The core level spectra were recorded using a pass energy of 20 eV (resolution ∼0.4 eV), from an analysis area of 300 × 700 µm. The spectrometer work function and binding energy scale of the spectrometer were calibrated using the Fermi edge and 3d 5/2 peak recorded from a polycrystalline Ag sample prior to the commencement of the experiments. The data were analyzed in the CasaXPS package, using Shirley backgrounds and mixed GaussianLorentzian (Voigt) lineshapes. For compositional analysis, the analyser transmission function has been determined using clean metallic foils to determine the detection efficiency across the full binding energy range. The samples were found to charge slightly under the x-ray beam and to overcome this the samples were flooded with a beam of low energy electrons during the experiment. In turn necessitated charge referencing of the binding energy scale, with the C-C/C-H component of the C 1s region at 284.7 eV used as the reference energy.
RESULTS AND DISCUSSION
In this study slab-like Cu films with a thickness equivalent to ∼70 Cu atoms (9 nm ±3%) were formed on glass using a mixed molecular adhesive layer (MM) of 3-mercaptopropyl (trimethoxysilane) and 3-aminopropyl (thrimethoxysilane), using our previously reported protocol ( Figure 1A ) (Stec et al., 2011; Stec and Hatton, 2012) . The alkylsilane molecular adhesive layer presents a very high density of nucleation sites to the incoming metal and so suppresses metal diffusion at the early stages of film growth enabling the formation of compact and extremely smooth films of Cu at sub-10 nm film thickness (Stec et al., 2011) , as is evident from the cross-sectional annular-dark field scanning transmission electron microscopy (ADF-STEM) in Figure 1B for a 9 nm thick Cu film. The predominant crystallographic orientation of Cu films prepared using this method has been shown previously to be (111) (Pereira et al., 2018) .
In Figure 1B the Cu film is supported on the oxidized surface of a silicon wafer chemically derivatized with the mixed silane adhesion layer rather than silicate glass, to facilitate HR-STEM imaging and avoid image distortion due to charging. The native oxide at the surface of silicon has a very similar native hydroxyl density (onto which the mixed alkylsilane adhesion layer can bind) and chemical composition to that of silicate glass and so serves as a useful conducting substrate for STEM imaging (Aswal et al., 2006; Dietrich et al., 2015) . Conventional wisdom is that Cu films deposited by thermal evaporation should be deposited at high vacuum to prevent contamination by residual gases and produce the most uniform films (Gao et al., 2014; McPeak et al., 2015) . Consistent with this we have found that Cu films deposited at a base pressure of <5 × 10 −8 mbar are more conductive and stable ( Figure S1 ) than those produced at higher pressure (5 × 10 −6 mbar), and so all films in this study were deposited using <5 × 10 −8 mbar base pressure. On glass the surface roughness of a 9 nm thick Cu film measured over an area of 1 µm 2 is reduced by one third when the substrate is derivatised with a monolayer of molecular adhesive from 1.44 ± 0.12 to 1.02 ± 0.05 nm, and the starting sheet resistance is reduced from 13.8 ± 0.6 to 10.8 ± 0.2 sq −1 , consistent with the formation of a more compact, uniform Cu film when using the molecular adhesive layer (Stec et al., 2011; Stec and Hatton, 2012; Hutter et al., 2013) . For metal films of such low thickness the sheet resistance is strongly dependent on the thickness and quality of the metal film, and so small reductions in the metal thickness that result from surface oxidation can be monitored in real time via the film sheet resistance, making very thin slab-like metal films (like that in Figure 1 ) an ideal model to evaluate methods of passivating Cu as well as being of direct relevance as a window electrode for optoelectronics (Yun, 2017) .
To date optically thin Ag supported on PEI (polyethylenimine) modified polyethylene terephthalate (PET) substrates are the best performing metal transparent electrode in terms of the transparency and sheet resistance (Kang et al., 2015; Jeong et al., 2017) , and so this Ag electrode was used as a benchmark against which the stability of Cu electrodes can be evaluated. PEI has been shown to bind incident Ag atoms to a substrate by coordination bonds, and so serves the same function for Ag as the alkylsilane molecular adhesive layer used in the current study for Cu (Jeong et al., 2017) . In this study we have translated this procedure to glass substrates for ease of substrate handing, achieving comparable sheet resistance and transparency to that reported on PET: 9.4 ± 0.3 sq −1 (Table S1 ). Notably, Ag films supported on a PEI layer have a lower sheet resistance and higher transparency than those supported on an alkylsilane molecular adhesive layer: Figures S2, S3 . Figure 2 shows the evolution of the sheet resistance of 9 nm thick Cu and Ag films with time exposed to ambient air. The sheet resistance of the Cu film without an 0.8 nm Al overlayer increases rapidly from a starting resistance of 10.8 ± 0.2 sq −1 , and then more steadily at 0.0048 sq −1 hr −1 due to surface oxidation (Iijima et al., 2006) . Also shown is the stability of a 9 nm Ag film supported on a PEI nucleation layer fabricated using the method reported by Kang et al. (2015) . The sheet resistance of the 9 nm Ag film increases continually at a rate of 0.0012 sq −1 hr −1 , which is significantly slower than the comparable Cu electrode. X-ray photoelectron spectroscopy analysis of Ag films aged for 2,000 h in air show that the oxidation products are primarily the sulfide Ag 2 SO 4 and carbonate Ag 2 CO 3 , based on an assignment of the peaks at 168.5 and 288.8 eV, respectively, Table S2 and Figure S4 . This is consistent with the findings of Sanders et al. (2015) for thick Ag films exposed to air for 720-1,440 h and corroborated by the corresponding oxygen components and concentrations at 531.5 and 530.7 eV, respectively. Notably, neither AgO or Ag 2 O are present in the O 1s spectrum (528.6, 529.5 eV), consistent with the hypothesis that silver oxide is only an intermediary for the formation of Ag 2 SO 4 and AgCl (Sanders et al., 2015) . It is also possible that morphological instability of the ultra-thin Ag films contributes to the deterioration in sheet resistance (Zhang et al., 2017) .
The initial sheet resistance of the 9 nm Cu film with an 0.8 nm Al overlayer is comparable to that of the 9 nm Ag film (8.7 ± 0.2, 9.4 ± 0.3 sq −1 ), and more stable than that of Ag with a long-term rate of increase in sheet resistance of only 0.0009 sq −1 hr −1 compared to 0.0012 sq −1 hr −1 for Ag. The fact that the stability of the Cu electrode with an 0.8 nm Al overlayer is at least as good as that of the Ag electrode over this time period, a finding that is also translatable to flexible PET substrates (Table S1 and Figure S5) , is of significant practical importance for emerging applications requiring the use of low cost transparent electrode materials. Notably, the sheet resistance of the Cu|Al electrode is below its starting value until ∼600 h air exposure due to an initial sharp decrease in sheet resistance within the first 30 min Figure 2A . This unusual effect has previously been attributed to partial de-alloying of Al from the underlying Cu driven by Al oxidation: Hutter et al. (2013) have shown that even if the Al thickness on Cu is increased to 4.2 nm, Cu is still present at the surface of the bilayer film, showing that the Cu and Al mix when Al is evaporated directly onto Cu without breaking vacuum. The high solubility of Al in Cu is well-known to depend on temperature, and phase separation can occur when oversaturated, upon cooling or aging (Ralls et al., 1976; Marcus and Bower, 1997; Vaithyanathan et al., 2004) . Since doping Cu with just 1% Al doubles the resistivity of Cu (Lanford et al., 1995) , reducing the Al content of the alloyed interfacial layer would be expected to reduce the Cu film sheet resistance. Given that the Cu film is slab-like (as shown in Figure 1 ) the change in sheet resistance over 910 h, between the minimum at 1.5 h and after 912 h, is equivalent to a decrease in metal thickness of ∼0.7 nm. This equates to an oxide thickness of ≤1 nm which is thin enough for electrons to efficiently tunnel across the oxide layer, ensuring the underlying metal does not become electrically isolated (Shewchun et al., 1977; Dabera et al., 2017) .
It is reasonable to assume that the vacuum deposited Al is initially distributed uniformly over the Cu surface due to the high cohesive energy between metal atoms, where it at least partially alloys with the Cu, since Cu is well-known to readily alloy with Al (Ho et al., 1983; Li et al., 1991) . Direct evidence that the Al initially forms a uniform layer is provided by surface roughness analysis of Cu films with and without a 0.8 nm Al layer: Table 1 . In this experiment a molecular adhesive layer was deliberately not used, to ensure the Cu film has a significant surface roughness prior to Al evaporation. Samples were fabricated by deposition of Cu across all the glass substrates, followed by masking one half, without breaking vacuum, and evaporation of 0.8 nm Al.
The surface roughness of Cu films with and without an Al overlayer is initially equal at 1.43 ± 0.04 and 1.44 ± 0.12 nm, respectively, consistent with conformal coverage of the Cu surface by Al which occurs due to the metallic bonding interaction between Cu and Al. It is known that Cu and Al readily diffuse into one another even at ambient temperature (Hutter et al., 2013) and so for such low Al thickness it is most likely that the Al is not a discrete layer, but rather an alloyed Al/Cu layer. After 170 h exposed to ambient air, the electrodes without the Al passivation layer show a ∼14% reduction in average surface roughness from 1.44 ± 0.12 to 1.24 ± 0.25 nm, although notably the magnitude of this reduction falls within the spread of error. This decrease in surface roughness can be attributed to volume expansion associated with a gradual conversion of Cu to Cu oxides, since the density of Cu oxides is approximately one third lower than the metal (relative densities to [Cu] ; [Cu2O] 0.67 and [CuO] 0.71) and so the gaps between Cu grains that give rise to the nanoscale surface roughness will be reduced to accommodate this extra volume. Conversely the electrodes with the 0.8 nm Al overlayer show a very pronounced ∼43% decrease in surface roughness over the same period, which can only have resulted from a significant redistribution of metal atoms over the film surface, filling the gaps between Cu grains. Given that this large reduction in surface roughness only occurs for the Cu film with an Al over layer, the simplest explanation is that the Al component has gradually segregated to the grain boundaries in the Cu film surface. Direct evidence that, after an extended period in air, the Al is not uniformly distributed over the Cu surface but is concentrated at grain boundaries is provided by cross-sectional STEM images with corresponding nano-scale elemental analysis by energy-dispersive X-ray spectroscopy (EDXS) for a MM | Cu | Al film exposed to ambient air for 200 h: Table 1 and Figure 3 . It is evident from both the contrast image (Left) and elemental EDXA analysis (Right) in Figure 3 , that after this extended period of air exposure the Al is not evenly distributed over the Cu surface (also evident in Figures S6, S7 ), but has segregated to Cu grain boundaries where it forms an oxide plug with a maximum thickness comparable to that of the self-limiting thickness of oxide on Al (2-3 nm) (Evertsson et al., 2015) . Given that grain boundaries will be most susceptible to oxidation, both due to the higher radius of curvature and increased permeability of oxygen along grain boundaries, this accumulation at the grain boundaries explains the remarkable effectiveness of such a thin Al overlayer at passivating the underlying Cu: A copperdoped aluminium-oxide plug would be expected to serve as an effective local barrier to oxygen and moisture. The findings of the cross-sectional TEM imaging are also consistent with the Table S1 and Figure S2 give the details of the complete data sets for all electrode structures. The temperature and humidity fluctuated in the range 18-30 • C and 15-50%, respectively. ∼43% decrease in surface roughness measured using AFM that occurs after exposure of the electrode to air, since filling the grain boundaries will inevitably reduce the surface roughness.
Electrode Patterning
For many practical applications it is necessary to pattern metal films, which risks undermining the effectiveness of a surface passivation layer. To investigate this conventional photolithography has been used to fabricate a regular array of 2 µm diameter holes in a 9 nm Cu film with and without a 0.8 nm Al over layer: Figure S8 . The aperture density is ∼6 million apertures per cm 2 which increases the sheet resistance of the bilayer electrode from 8.7 ± 0.2 to 11.2 ± 0.4 sq −1 . Figure 4 shows the normalized evolution of the sheet resistance of the patterned films upon exposure to ambient air. As expected the electrode without the 0.8 nm Al passivation FIGURE 4 | The change in sheet resistance of 9 nm Cu electrodes with an array of 2 µm diameter apertures (as shown in the inset) upon exposure to ambient air for Cu films with (red) and without (black) an 0.8 nm Al over layer. Full SEM images are given in Figure S8 , together with the far-field transparency with and without apertures ( Figure S9 ).
layer oxidizes more quickly upon incorporation of apertures, with the sheet resistance increasing at a rate of 0.0071 sq −1 hr −1 . In contrast the stability of the MM | Cu | Al electrode is not adversely affected. After 5,000 h exposure to air, the sheet resistance stabilizes at <1% of its starting value after patterning, and only 3.4% higher than its lowest value. It is concluded that the metal film with a high density of apertures has not undermined the effectiveness of the ultra-thin Al passivation layer, because the area of exposed Cu that is created by the inclusion of apertures is small (∼5% increase) due to the very low metal film thickness.
CONCLUSION
It has been shown that over 900 h in ambient air, unpatterned 9 nm thick Cu films passivated with an 0.8 nm evaporated Al layer are more stable than pure-Ag films of the same thickness fabricated using the best reported practice. Furthermore, after perforating with an array of ∼6 million apertures per cm 2 , the sheet resistance after 5,000 h in air stabilizes at only 3.4% higher than its lowest value. The remarkable effectiveness of this approach is shown to result from segregation of aluminiumcopper-oxide at the boundaries between Cu crystallites upon exposure to air, which retards oxidation at those sites in the Cu film most vulnerable to oxidation. Crucially, the very low thickness of this passivation layer ensures that the underlying metal is not electrically isolated, and so this simple passivation step renders Cu films stable enough to compete with Ag as the base metal for optically thin electrodes in emerging optoelectronic devices. By combining this approach to stabilizing optically thin Cu films with the previously reported methods for increasing far-field transparency Kang et al., 2015; Pereira et al., 2018 ) the stage is set for using optically thin Cu films as a low cost transparent electrode in numerous emerging optoelectronic devices.
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